Near-field infrared absorption of plasmonic semiconductor microparticles studied using atomic force microscope infrared spectroscopy Metamaterials and plasmonic structures enable the manipulation of light at subwavelength scales, making them attractive means to achieve nanometer scale optoelectronic devices and high-resolution optical sensing. The interaction of metamaterials and plasmonic structures with electromagnetic radiation has enabled devices which exhibit superlensing, 1,2 optical cloaking, 3 beam steering, 4 waveguiding, 5 and electric field enhancement. 6 The performance of a plasmonic structure is governed by the optical properties of the materials and the nanometer-scale physical structure. Most experimental studies on plasmonic structures measure far-field characteristics, and infer the near-field behavior from these measurements and electromagnetic simulations. In general, there is a lack of experimental investigations into the nearfield behavior of plasmonic structures. Such near-field experiments are needed to improve theoretical understanding of plasmonic structures and to compare actual device performance with idealized models.
There has recently been significant interest in the use of metamaterial and plasmonic structures to achieve strong localization of electromagnetic fields at mid-infrared (IR) wavelengths, for applications including detector and source enhancement, 7 controlled thermal emission, 8 and enhanced sensing. 9 One approach, in particular, involves the use of highly doped semiconductors as engineered metals for the development of mid-IR plasmonic structures. [10] [11] [12] [13] When patterned into subwavelength structures, these engineered metals should be capable of field localization similar to that achieved by noble metals at shorter wavelengths, by the excitation of a localized surface plasmon resonance (LSPR) in which the electrons in the subwavelength particle undergo a collective oscillation in response to an incident electromagnetic wave. While the far-field optical properties of such mid-IR structures have been investigated, 13 near-field measurement techniques are required to confirm the localized nature of the observed resonances.
Measuring the near-field behavior of a subwavelength structure requires a sensor with nanometer-scale spatial resolution positioned in close proximity to the structure. Scanning near-field optical microscopy (SNOM) can overcome the diffraction limit of microscopy by employing a nanometer sized aperture, or a sharp tip as a local light scatterer. Aperture-based SNOM can be difficult in the IR, as attenuation within the aperture probe makes it difficult to transmit mid-IR wavelengths. 14, 15 Apertureless SNOM measures the interaction between a nanometer sharp tip and a sample subject to incident monochromatic light, and can require significant post-processing to resolve the measured scattering signal. 16, 17 Atomic force microscope infrared spectroscopy (AFM-IR) is an apertureless technique that can measure the near-field absorption response of a sample irradiated by IR light. 18 In AFM-IR, an AFM tip measures the local absorption within a sample by detecting local thermomechanical expansion in response to irradiation by IR light. 19 AFM-IR has previously measured absorption in biological species, 20, 21 polymers, 22, 23 and semi-conductors. 24, 25 Here, we report near-field scanning probe measurements of a LSPR in heavily silicon (Si) doped indium arsenide (InAs) microparticles. The measurements are based on AFM-IR and demonstrate the spatially and spectrally resolved phenomena within and near the microparticle, including Ohmic heating within the particle due to the localized plasmon resonance.
Figure 1(a) shows a schematic of the AFM-IR experimental setup (Anasys Instruments). A tunable IR laser irradiates a sample by passing a 10 ns laser pulse through a zinc selenide (ZnSe) prism. The sample absorbs the incident light causing rapid thermomechanical expansion of the sample, and an AFM cantilever in constant contact with the sample detects the sample expansion. Measuring the sample expansion while sweeping the laser wavelength provides a quantitative IR absorption spectrum localized to the tip-sample contact. The laser wavelength range is 2.5-9 lm, with a spectral resolution of $4 cm À1 and a laser spot size radius of $25 lm. Figure 1(b) shows an AFM topography image of the sample, consisting of an array of heavily Si-doped InAs microparticles, with a height and diameter of 1.0 lm and a pitch of 3.4 lm. The Si:InAs film was grown above an undoped InAs buffer layer on a GaAs substrate by molecular beam epitaxy. The films were then patterned using standard photolithographic techniques and wet chemically etched through the top doped region using 1:1:10 HBr:HNO 3 :H 2 O. The GaAs substrate was selectively removed by etching in 1:3:16 NH 4 OH:H 2 O 2 :H 2 O and the remaining InAs film (comprising the microparticles and the undoped buffer layer) was transferred to the ZnSe prism. The microparticle film had a doping density of 9.5 Â 10 19 cm
À3
, resulting in a LSPR in the particles at 5.75 lm (see supplemental material for more information 26 ). 13 We compare the AFM-IR near-field measurements with far-field optical measurements. Figure 2 (a) shows far-field transmission and reflection measurements made using Fourier Transform Infrared Spectroscopy (FTIR), which show a dip in both reflection and transmission near 5.75 lm (see supplemental material 26 ). The reflection dip is redshifted slightly and attenuated relative to the transmission dip; results were observed previously and attributed to the difference in absorption and scattering resonant wavelengths and measured scattering solid angles. 13 Figure 2(b) shows the measured absorption of a single InAs microparticle measured using AFM-IR, which has a peak at 5.75 lm. The absorption measured by the AFM tip off of the microparticle is markedly lower, showing that the localized heating is confined within the microparticles. The peak observed off of the microparticle arose from pressure waves incident on the AFM cantilever from nearby absorbing microparticles.
To further clarify the observed phenomenon, we employed a 3-D finite-element method in COMSOL to solve Maxwell equations in the structure. In these calculations, the structure was approximated as an infinite periodic planar array of conical pillars with Drude-style permittivity. The results of these calculations provide us with microscopic field distributions across the sample, as well as far-field reflection and transmission spectra. The simulations show that the optical spectrum comprises a broad resonance near 5.75 lm, superimposed by a set of sharp resonances. Further analysis of the spatial field profile shows that the broad resonance at 5.75 lm comes from a LSPR of a single 
FIG. 2. (a) Far-field reflection (solid black) and transmission (solid red)
measurements of the InAs micro-particle array, and near-field theoretical calculations (dashed lines) for a single micro-particle. The locations of the measured spectral peaks agree well with predictions. The experimental transmission is lower than predicted, owing to dislocations within the sample. (b) AFM-IR near-field absorption both on and off a micro-particle (black), and predicted micro-particle absorption (dashed red). microparticle, while the sharp "satellite" resonances come from the coupling of normally incident light into guided modes supported by the undoped InAs buffer layer (see supplemental material 26 ). The simulated transmission and reflection results match well to far-field data in Figure 2 (a). The measured transmission was much lower than the simulations due to defects in the undoped InAs buffer layer, an effect observed in the previous work with similar materials, 27 and also most likely responsible for the absence of waveguide resonances in our experimental data. The absorption rise near 6.25 lm in Figure 2 (b) stems from a laser stage transition that is difficult to remove by normalization, and is not believed to be a waveguide resonance. A comparison between the simulated and measured near-field absorption in Fig. 2(b) shows that the measured near-field absorption peak localized to the microparticle matches the LSPR peak in the simulation.
Scanning the AFM tip while measuring single wavelength absorption provides a spatially resolved absorptivity map of the sample. Figure 3 shows single-wavelength absorption for an array of microparticles both on resonance at 5.75 lm and off resonance at 6.25 lm. In both cases, the incident laser light is polarized vertically in the image and propagates parallel to the prism surface. The absorptivity maps show that heating is indeed localized to the particles, showing larger heating on resonance compared to off resonance. Although localized heating occurs at 6.25 lm, far from resonance at 5.75 lm, comparison of the magnitudes of total localized absorption at both wavelengths compares well with simulation. By integrating the measured temperature rise across the microparticle, we can estimate the total heat generation in a single particle. The measurements show that the microparticle heating is increased by about 3Â when on resonance compared to off resonance, and the simulations show that the microparticle heating is increased by about 6Â when on resonance compared to off resonance. While the measured heating is different from the simulation by about a factor of 2, the measurements are quite consistent with the predicted phenomena. The difference between experiment and simulation most likely stems from background defect absorption within the sample, an effect not included in the simulations. Figure 3 also shows a higher absorption signal on the microparticle sidewalls oriented in the direction of the incident electric field, which may due to the polarized LSPR mode shape.
We compared AFM-IR single microparticle absorption maps with simulations to determine if the observed higher absorption signal correlates well to the LSPR mode shape. . However, for the laser wavelength of 7.70 lm, the measured absorption pattern looks similar to the previous two wavelengths, and does not clearly match the simulated heating profile. This may indicate the presence of tip-surface contact artifacts caused by the sharply sloped sidewalls, or could be due to background defect absorption and complex mode shapes not captured in the simulation. The next stage of the research would be to determine if the measured localized heating follows the geometry of the excited LSPR mode. This would require improved understanding of both the optical behavior of this plasmonic material and improved understanding of tip-surface interaction near the microparticle edges. The results however do clearly show that it is possible to measure IR absorptivity and IR plasmon resonance with nanometerscale spatial resolution in plasmonic structures.
In conclusion, we have demonstrated near-field optical absorption measurements on a semiconductor plasmonic material using atomic force microscope infrared spectroscopy. AFM-IR detected the plasmonic resonance of Si-doped InAs microparticles at 5.75 lm, in agreement with far-field transmission and reflection measurements and finite element electromagnetic simulations. Measurements both on and off a single microparticle showed that optical absorption is localized to the microparticles, which is evidence of a local surface plasmon resonance within the particle volume. Ohmic heating maps of a single microparticle subjected to varying IR wavelengths and polarizations show evidence of mode shape heating caused by the LSPR field enhancements. The technique described here could be applied to other plasmonic structures, to improve the understanding of their nearfield IR properties and performance. normal to the flat substrate.
